Objective: The objective of this study was to compare alterations in the middle cerebral artery (MCA) pulsatility index (PI) and mean velocity (V mean ) after laser surgery for twin-twin transfusion syndrome (TTTS).
Introduction
Fetal cerebral arteries are normally high-resistance vessels. At times of acute fetal stress, the fetus is able to redistribute blood flow to the brain through cerebrovascular dilation. This phenomenon, known as the brain-sparing effect, occurs in the setting of hemorrhage, hypoxemia and decreased uterine blood flow, and is likely an autoregulatory mechanism that serves to protect the brain and the other vital organs (heart and adrenal glands). [1] [2] [3] [4] [5] [6] [7] [8] The autoregulatory capacity of the fetus may further depend on its gestational age, the level of arterial oxygenation and the cerebral perfusion pressure. [9] [10] [11] [12] [13] At the present time, there is paucity of data on cerebral autoregulation in the human fetus because of the invasive nature of hemodynamic monitoring and the ethical issues involved with manipulation of the intrauterine environment.
Pregnancies with twin-twin transfusion syndrome (TTTS) undergoing therapy with laser surgery may serve as unique human models for studying the cerebral blood flow autoregulatory capacity of the mid-trimester fetus. TTTS, a complication of monochorionic pregnancies, results from an unbalanced flow of blood from the donor to the recipient fetus through transplacental vascular anastomoses. 14, 15 This in turn leads to hemodynamic disturbances in both fetuses. Ablation of the vascular communications through laser surgery interrupts this exchange of blood between the twins. We hypothesize that the hemodynamic fluxes that result from this procedure may provoke a cerebral hemodynamic response in both the donor and the recipient fetus. Alterations in cerebral hemodynamic parameters in donor and recipient fetuses with TTTS undergoing laser photocoagulation therapy have not been extensively studied.
The aim of this study was to assess the cerebral hemodynamic response of TTTS fetuses in the mid-trimester by comparing the middle cerebral artery (MCA) pulsatility index (PI) and mean velocity (V mean ) in donors and recipients acquired by Doppler ultrasound before and after laser surgery.
Methods

Patients with TTTS undergoing laser therapy between March 2006
and February 2009 were considered eligible for this study. Each patient underwent a sonogram using a Voluson 730 Expert (Kretz, GE Medical Systems, Zipf, Austria) ultrasound machine within 1 day before surgery and 1 day after surgery. Monochorionic diamniotic twin pregnancies were confirmed in all cases based on a single placenta, same sex and a thin dividing membrane, with absence of a lambda or twin-peak sign. TTTS was diagnosed if polyhydramnios was present in the recipient twin's sac (maximum vertical pocket of amniotic fluid of X8 cm), while oligohydramnios was documented in the donor twin's sac (maximum vertical pocket of amniotic fluid of p2 cm). Disease severity was classified according to the Quintero staging system. 14 MCA Doppler studies were attempted in all TTTS cases. The MCA was identified by color or power Doppler ultrasonography. An image of the fetal head was obtained in the plane of the biparietal diameter and the transducer was angled at one end toward the base of the brain until the MCA was visualized along the greater wing of the sphenoid bone. The angle of insonation between the ultrasound beam and the vessel was <101. Pulsed Doppler parameters were generated automatically from three or more consecutive waveforms. The MCA PI was measured using both auto-trace and manual-trace techniques. Cerebrovascular resistance was determined by one of the widely employed standard Doppler indices measured on the main cerebral arteries, the MCA PI. This index is thought to represent vascular resistance distal to the point of measurement and has been widely used to follow changes in vascular resistance over time, or before and after an intervention. MCA PI, peak systolic velocity (PSV) and end-diastolic velocity (EDV) measurements were made during fetal apnea and in the absence of fetal movement. The MCA V mean , a surrogate for cerebral blood flow, was calculated (V mean ¼ (PSVÀEDV)/PI). 16 The change in MCA values was defined as the postoperative minus preoperative value for each variable.
Laser surgery through operative fetoscopy was performed at 16-26 weeks' gestation. The sequential selective laser photocoagulation of communicating vessels technique, in which the arteriovenous anastomoses from the donor to the recipient are lasered before those from the recipient to the donor, was used whenever possible, as described previously. 17 The type of procedure, number of vessels lasered, the duration of the laser treatment and total operative time were recorded. Postoperatively, the patients were usually discharged home in 1-2 days to be subsequently managed by the patient's local obstetrician and/or perinatologist. After delivery, the patients and physicians were contacted to obtain delivery information including gestational age at delivery, birth weights of the donor and recipient and immediate and 30-day survival.
Only patients with dual survivors on postoperative day 1, with all MCA Doppler indices available at or beyond 18 weeks' gestation at the time of surgery, were included in this study. Patients with a gestation period of <18 weeks were excluded because adequate reference data to calculate z-scores for the MCA Doppler indices were not available. The gestational age of each pregnancy was based on date of the last menstrual period and confirmatory sonogram or by early ultrasound in the absence of a known last menstrual period. Estimated fetal weight was derived sonographically using the standards of Hadlock et al. 18 Donor intrauterine growth restriction (IUGR) was defined as an estimated fetal weight less than the tenth percentile for gestational age. Antenatal and neonatal data were prospectively collected from medical records and patient and physician reports, and entered into a database.
Statistical analyses were conducted with SAS statistical software (version 9.1, SAS Institute, Cary, NC, USA). The z-scores were calculated to present the MCA PI and V mean as the standard deviation from previously reported mean values for low-risk singleton fetuses of similar gestational age. 19 MCA parameter changes were assessed using the paired t-test if the data were normally distributed and by the Wilcoxon signed-rank test if not, as determined by probability <0.10 of a lesser value of the Shapiro-Wilk test statistic. Results were expressed as the mean ± the standard deviation (s.d.). Sub-analyses were performed comparing the MCA PI and V mean for (1) gestations with and without IUGR of the donor, and (2) gestations that were and were not classified as Quintero stage III or IV using Kruskal-Wallis testing. Multivariable linear regression models for both the MCA PI and V mean tested the association between these parameters and the presence of IUGR of the donor and the classification of the gestation as Quintero stage III or IV, controlling for the gestational age at the time of the procedure, the total number of vessels lasered, the operative time using the laser (in 10 min intervals) and an interaction term between the Quintero stage variable and the IUGR variable. A P-value of <0.05 was considered statistically significant. The study was approved by the institutional review board at Health Sciences Campus of University of Southern California, Los Angeles, California, USA.
Results
During the study period, 157 women underwent fetoscopic laser surgery for TTTS. We excluded 23 patients with dual survivors on postoperative day 1, as MCA measurements were not technically obtainable. A total of 18 patients had a postoperative demise precluding Doppler analysis. In total, 13 patients with a gestational age <18 weeks were also excluded. A total of 103 (66%) of the women had pre-and postoperative MCA Doppler data on both fetuses and comprised the study group. All patients had demographic, delivery and 30-day survival data available for analysis. Table 1 summarizes the baseline characteristics of the study patients. According to the Quintero Staging system, 16 (16%) of the pregnancies were stage I, 20 (19%) were stage II, 56 (54%) were stage III and 11 (11%) were stage IV. Of the donor fetuses, 52 (51%) were growth restricted. The mean gestational age at laser therapy was 21. Preoperatively, the recipients had a lower mean MCA PI (À1.29±1.20) compared with the donors (À0.31±1.67; P<0.0001), whereas postoperatively the recipients had a higher mean MCA PI (0.14±1.52) compared with the donors (À0.67 ± 1.29; P<0.0001). After laser surgery, the mean MCA PI of the recipients increased significantly (change in MCA PI 1.43 ± 1.74; P<0.0001), whereas that of the donors' did not change (change in MCA PI À0.35±1.95; P ¼ 0.1222) (Figure 1) . The MCA V mean values were significantly different between donors (0.39±0.83) and recipients (0.60±0.74; P ¼ 0.0025) before surgery and after surgery (donors 0.38 ± 0.93, recipients 0.63 ± 0.90; P ¼ 0.0109). There was no significant difference between preoperative and postoperative MCA V mean in donors (change in MCA V mean À0.01 ± 0.94; P ¼ 0.5048) or recipients (change in MCA V mean 0.04±0.98; P ¼ 0.5324; Figure 2 ). MCA V mean controlled for fetal weight showed similar findings to the previous analyses (data not shown). Analyses of MCA PI and V mean values performed without conversion to z-scores yielded similar findings (data not shown).
In the subgroup analyses, the postoperative difference in MCA PI and V mean of the donor or recipient was not associated with Quintero stage I-II vs III-IV at diagnosis; donor IUGR or gestational age at delivery was <35 weeks. The linear regression models confirmed the lack of observed association between the difference in pre-and postoperative MCA PI and V mean of the donor or recipient with respect to Quintero stage and donor IUGR.
Discussion
In our study of TTTS fetuses, despite the divergence of the postoperative change in MCA resistance, the mean MCA blood flow did not change for donor and recipient fetuses after laser surgery (Figure 2) . Maintenance of stability of the mean blood flow in the MCA, despite alterations in the resistance of that vessel after laser treatment for TTTS, may support the contention that the mid-trimester human fetus has some cerebral blood flow autoregulatory capacity.
The finding, in our study, of the postoperative increase in the MCA resistance in the recipient fetus after laser surgery was unanticipated. We hypothesized that, after laser surgery, the There is a paucity of data on alterations in cerebral hemodynamic parameters in fetuses with TTTS. Monochorionic diamniotic pregnancies with and without TTTS have significantly greater blood flow redistributions in the cerebral circulation when compared with dizygotic twins. 20 In one small study, the donor twin demonstrated increased resistance in the MCA, perhaps indicating decompensation of the fetal cerebral circulation. 21 Mari et al. 6 studied four sets of fetuses with TTTS undergoing amnioreduction at 25-26 weeks. After amniocentesis, the MCA PI of all fetuses was significantly reduced. When the MCA PI of 20 TTTS fetuses was evaluated before laser surgery, the MCA PI z-score for the recipients was significantly reduced. 22, 23 These findings were similar to the preoperative results obtained in our study.
We acknowledge that our study has several limitations. MCA PI reflects complex interactions between blood pressure, heart rate, blood viscosity, blood gas levels and cardiac output. We were unable to determine these parameters, and therefore, the influence of these parameters on the observed cerebrovascular response could not be quantified in this study population. Although we used multivariable linear regression analyses to attempt to account for many potential confounding variables, multiple factors operate in TTTS and its treatment that may have confounded the results. For example, differences in fetal oxygen and/or carbon dioxide levels may exist between donor and recipient twins in the setting of TTTS and after selective laser photocoagulation of the vascular anastomoses. 24 Finally, serial MCA data were not obtained after surgery. Thus, we were only able to analyze cerebral hemodynamic changes that occurred the morning after laser surgery and not immediately after laser or in the weeks to months following the procedure.
To our knowledge, this is the first large study of mid-trimester human fetuses with TTTS that set out to evaluate the cerebral hemodynamic response before and after laser photocoagulation of placental anastomoses. Additional research on the cerebrovascular response to altered hemodynamic conditions is necessary to further understand the cerebral autoregulatory capacity of the mid-trimester human fetus.
